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INTRODUCTION 

The value of t he  scanning e lec t ron  microscopy i n  p rov id ing  i n - s i t u  i n fo rma t ion  
on t h e  microst ructure o f  ma te r ia l s  such as coal I s  we l l  known. m a r t i c u l a r l y  
su i ted  for examining the f i n e l y  d i s t r i b u t e d  mineral p a r t i c l e s  found i n  f ine ly-ground 
coal. 
data can be provided. 
c a l  analysis t o  be performed on these minute features, thus a l lowing a t e n t a t i v e  
i d e n t i f i c a t i o n  of t he  mineral phase. 

microscopy (SEM) and energy-dispersive x-ray analys is  (EDX) i s  ga in ing ever wider 
acceptance as a powerful t o o l  f o r  the i n - s i t u  cha rac te r i za t i on  o f  mineral mat ter  i n  
coal (1). The SEM-AIA technique i s  a b m o m b i n e  data from SEM and EDX measure- 
ments t o  provide de ta i l ed  in format ion on sample character t h a t  i s  not  ava i l ab le  from 
other  ana ly t i ca l  methods. The unique features o f  A I A  inc lude in format ion generated 
f o r  size, shape, composition, and associat ion o f  mineral phases with the coal 
ma t r i x .  

lems. 
mation on the  d i s t r i b u t i o n  o f  the minera l  species present i n  coal, i t  lends i t s e l f  
p a r t i c u l a r l y  wel l  t o  the cha rac te r i za t i on  of minera ls  i n  raw and processed coals. 
D i s t r i b u t i o n  o f  minerals by both phase and p a r t i c l e  s i ze  i s  o f  great importance t o  
almost any work on coal, but i t  i s  espec ia l l y  useful t o  coal p lan t  operators  i n  de- 
termin ing the steps necessary f o r  e f f e c t i v e  and e f f i c i e n t  removal o f  undesirable 
mineral phases dur ing c leaning (2). 
amounts o f  the mineral phases present; such in format ion i s  ava i l ab le  from 
d i f f r a c t i o n  or i n f ra - red  spectroscopy. But t he  s i ze  o f  t he  minera ls  and t h e i r  r e l a -  
t i o n  t o  the coal ma t r i x  i s  j u s t  as important. 
recent  pub l i ca t i on  o f  our s tud ies ( 3 ) .  
i n  raw coals and coa ls  supercleaned by f l o a t - s i n k  techniques was described. 

described. The discussion w i l l  inc lude p a r t i c l e  detect ion and measurement, mineral 
phase i d e n t i f i c a t i o n  by x-ray analys is  us ing a f i l e  of chemical d e f i n i t i o n s ,  and t h e  
number o f  p a r t i c l e s  needed t o  develop r e l i a b l e  r e s u l t s  and adequate r e p r o d u c i b i l i t y  
between samples. I n  addit ion, a t t e n t i o n  w i l l  be given t o  problems i n  the a p p l i c a t i o n  
of A I A  techniques t o  coal, i nc lud ing  d i f f i c u l t i e s  a r i s i n g  from a wide spread i n  the  
minimm and maximum p a r t i c l e  sizes, problems i n  the  apparent enrichment o f  p y r i t e  
content due t o  instrumental f ac to rs ,  and the  specia l  case of cha rac te r i z ing  chemical- 
l y  t reated coals. 

I n  pol ished cross section, a wealth of size, shape, roughness, and associat ion 
Addi t ion o f  an energy-dispersive x-ray analyzer permi ts  chemi- 

The use o f  automated image analys is  (AIA) i n  conjunct ion w i th  scanning e lec t ron  

The SEM-AIA technique i s  appl icable t o  a wide v a r i e t y  of cha rac te r i za t i on  prob- 
Because the i n - s i t u  nature o f  t h i s  c a p a b i l i t y  can prov ide q u a n t i t a t i v e  i n f o r -  

It i s  not adequate t o  know on ly  the r e l a t i v e  
x-ray 

Such in format ion was provided i n  a 
I n  t h a t  work, t he  mineral mat ter  d i s t r i b u t i o n  

I n  t h i s  work, t he  SEM-AIA technique as an ana ly t i ca l  method f o r  coal w i l l  be 

h e s  Laboratory i s  operated fo r  t he  U. S. Department o f  Energy by Iowa S ta te  
Un ive rs i t y  under Contract No. W-7405-Eng-82. 
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The SEM-AIA techniques have been appl ied at the Ames Laboratory t o  many samples 
o f  bituminous and sub-bituminous coals  t o  cha rac te r i ze  t h e i r  mineral content f o r  
s tud ies of c l e a n a b i l i t y .  
t r a t e  the app l i ca t i on  and l i m i t a t i o n s  o f  t h i s  technique. 

Results from some o f  those studies w i l l  be used t o  i l l u s -  

BACKGROUND 

Combined SEM-EDX techniques have been able t o  prov ide much in format ion w i t h  
manual operation. bu t  r e s u l t s  were q u a l i t a t i v e  and subject  t o  operator judgment. The 
development of automated con t ro l  f o r  the SEM has permi t ted the same in format ion t o  be 
ext racted ob jec t i ve l y ,  q u a n t i t a t i v e l y  and less ted ious ly .  The main l i m i t a t i o n  o f  the 
manual techniques i s  t he  human fac to r ,  s ince the analys is  o f  p a r t i c l e s  f o r  s i ze  and 
elemental composition i s  tedious. Human operators are severely l i m i t e d  i n  t h e  r a t e  
and amount o f  data t h a t  they can reasonably produce. There i s  a lso a p o s s i b i l i t y  o f  
operator b ias i n  not  t r e a t i n g  a l l  p a r t i c l e s  a l i ke .  The i n t e l l i g e n c e  o f  a human oper- 
a tor  i s  a fan tas t i c  advantage, bu t  the l i m i t a t i o n s  on the operator are also s i g n i f i -  
cant. 

The task of the automated image analyzer i s  t o  assume the r e p e t i t i v e  dut ies o f  
t h e  SEM operator i n  such a way t h a t  s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  p a r t i c l e s  can 
be analyzed i n  a reasonable amount o f  t ime and t o  tabu la te  the data i n  a meaningful 
format. The f o l l o w i n g  paragraphs describe t h e  operations involved. 

The f i r s t  requirement o f  p a r t i c l e  cha rac te r i za t i on  i s  f ea tu re  i d e n t i f i c a t i o n  and 
s i z i n g .  A human operator  i s  able t o  work w i t h  gross s ignal  con t ras t  and r a t h e r  sub- 
t l e  edge e f f e c t s  t o  determine feature ou t l i ne .  As a ru le ,  the microcomputers and 
e lec t ron i cs  used in  image analys is  i n  the l a b  are p resen t l y  r e s t r i c t e d  t o  determining 
p a r t i c l e  boundaries, o r  extents, from the ra the r  gross measure o f  cont rast  i n  the 
s igna l  l eve l .  Therefore, s u f f i c i e n t  con t ras t  i s  requi red i n  the video s ignal  between 
two phases o f  i n t e r e s t  t o  permit d i f f e r e n t i a t i o n  o f  t he  phases. Backscattered elec- 
t r o n  imaging i s  very s e n s i t i v e  t o  the average atomic number o f  a phase and, there- 
fore,  provides high con t ras t  between minera ls  o f  r e l a t i v e l y  high atomic number and 
lower atomic number coal and mounting mater ia l .  A spec ia l ized analog- to-d ig i ta l  
converter, ca l l ed  a " threshold selector," i s  used t o  in form the computer which p i x e l s  
are above threshold and belong t o  a phase o f  i n te res t ,  and which p i x e l s  are below 
threshold and the re fo re  i n d i c a t e  background phase. The computer i s  thus able t o  
d iscern which p i c t u r e  elements belong t o  coal, mineral,  o r  background. 

many image analysis systems b u i l t  around o p t i c a l  microscopes and TV cameras, the 
whole image i s  d i g i t i z e d  f o r  processing. For SEM operations t h i s  i s  o f ten  no t  prac- 
t i c a l .  Often the s igna l  from an SEM e x h i b i t s  a r e l a t i v e l y  low s ignal - to-noise r a t i o  
r e q u i r i n g  t h a t  several frames be averaged t o  prov ide an adequate s ignal .  Also, some 
o lde r  SEM instruments do not  respond we l l  t o  the  scanning speed demands o f  TV imaging 
ra tes .  In addit ion, i t  i s  on l y  r e c e n t l y  t h a t  backscattered e lec t ron  detectors  have 
become ava i l ab le  t h a t  can operate at TV-rates. 
SEM-based image analyzers t o  employ some form o f  d i g i t a l  berm con t ro l  t o  d i r e c t  t h e  
beam on t h e  sample i n  such a fashion as t o  e x t r a c t  t h e  most in format ion i n  t h e  l eas t  
t ime. A number o f  sof tware algori thms are ava i l ab le  w i th  our A I A  system t o  d iscern 
p a r t i c l e  extents. 

p a r t i c l e  i s  determined. 

The mode o f  e x t r a c t i n g  in format ion on t he  p a r t i c l e  extents  i s  complicated. I n  

Therefore, i t  has been common f o r  

Once the p a r t i c l e  extents  have been determined, the chemical i d e n t i t y  o f  a 
The image analyzer d i r e c t s  the  SEM beam t o  the center  

1 1  
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of the p a r t i c l e  o f  i n t e r e s t  and d i r e c t s  the €OX analyzer t o  c o l l e c t  an x-ray spectrum. 
Whereas a human operator can q u i c k l y  scan the e n t i r e  x-ray spectrum t o  l oca te  and 
i d e n t i f y  the s i g n i f i c a n t  x-ray peaks, t he  image analyzer must monitor reg ions o f  i n -  
t e r e s t  defined about x-ray l i n e s  o f  i n te res t .  For many mineral analyses, o n l y  11 
common elements are necessary. They are, i n  increas ing atomic number: Na, Mg, A l ,  
S i ,  P, S i ,  C1, K, Ca, Ti, and Fe. Addi t ional  elements can be also monitored i f  they  
are suspected t o  occur i n  t race  quan t i t i es .  Based on the  r e l a t i v e  i n t e n s i t i e s  o f  t he  
x-ray signals, p a r t i c l e s  are c l a s s i f i e d  i n t o  one o f  several mineral categor ies accord- 
i n g  t o  de f i n i t i ons  such as those given i n  Table 1. For many A I A  appl icat ions,  i nc lud -  
i ng  coal mineral analyses, i t  i s  reasonable t o  de f i ne  the  chemical categor ies ra the r  
l o o s e l y  and s t i l l  t o  d iscern the various mineral components. I n  f a c t ,  f o r  many miner- 
als, i t  i s  necessary on ly  t o  def ine the elements t h a t  must be present t o  de f i ne  a 
minera l .  Quar tz  and c a l c i t e  are examples f o r  which on ly  a s ing le  element i s  needed (S i  
and Ca, respect ive ly) .  However, f o r  the c l a y  minerals, more sophis t icated d e f i n i t i o n s  
are necessary t o  d i f f e r e n t i a t e  the phases. 

Table 1. Ranges o f  Elemental Compositions, Ratios, and Other Features f o r  
f o r  mineral phase d e f i n i t i o n s . a  

Mineral 
Phase Chemical D e f i n i t i o n  i n  % Rangeb Densi ty  

~- - 

P y r i t e  S 10-80, Fe 10-70 5.00 
K a o l i n i t e  A1 15-80, S i  15-85 A l / S i  r a t i o  0.4-2.5 2.65 
I l l i t e  A1 15-80, S i  20-85, Fe 0-40, K 2.5-35, Na 0-20 2.75 
Montmor i l lon i te  A1 10-75, S i  19-80, Na 0-30, Ca 0-30 2.30 
Quar tz  S i  60-100 2.65 
C a l c i t e  Ca 70-100 2.80 
Minors ( included are the fo l l ow ing  categor ies)  

Gypsum S 10-80, Ca 10-70 2.30 
Dolomite Mg 5-60, Ca 60-100 2.90 
I ron - r i ch  (e.g. s i d e r i t e )  Fe 90-100 3.90 
C h l o r i t e  A1 10-75, S i  10-80, Mg 0-30, Fe 0-30 

(Mg o r  Fe requi red)  3.00 
R u t i l e  T i  70-100 4.50 
Al-Rich A1 75-100 4.00 
Apa t i t e  P 10-40, Ca 30-100 3.20 

S i  1 i cates S i  40-100 2.70 

speci f i c a l  1 y defined 
M i s c e l l  aneous A l l  other elemental compositions not  2.00 

Not included Signals w i t h  <lo00 t o t a l  x-ray count 

a Modif ied a f t e r  Reference 3. 
Addi t ional  spec i f i ca t i ons  are often given f o r  o ther  elements t h a t  are al lowed t o  
be present. Although such speci f icat ions a l low the  presence o f  minor elements not 
s p e c i f i c a l l y  l i s t e d  i n  the chemical d e f i n i t i o n ,  they place an upper l i m i t  on the 
al lowable amount. 

EXPERIMENTAL 

The AIA-SEM s y s t m  a t  Iowa State U n i v e r s i t y  cons is ts  o f  a JEOL (Japan E lec t ron  
Opt ics Laboratory) model JSM-U3 scanning e lec t ron  microscope, a LeMont S c i e n t i f i c  
B-10 image analyzer. and a Tracor Northern TN-2000 energy-dispersive x - r a y  spectrom- 
e t e r .  The software-based A I A  system contains associated e lec t ron i cs  f o r  SEM beam 
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control, image anplification, and thresholding. 
selection of the appropriate analysis algorithm for the particular sample and image 
conditions encountered. 

Actual analyses were performed on pe l le t s  o f  coal mounted in an epoxy or poly- 
ethylene matrix according to  standard petrographic procedures. The pe l le t s  w r e  pol- 
ished to a cross section and coated with carbon t o  render the surface e lec t r ica l ly  
conductive for SEN examination. Samples were analyzed in the SEM under 50-5OOx mag- 
nification, us ing  25 kV bean voltage, 1-2 nA sample currents, and backscattered elcc- 
tron imaging. A point density of 1024 pixels across the screen was used t o  provide 
510% accuracy on measurements as small as 1% of the f i e ld  of view. X-ray data were 
collected for four seconds per par t ic le  a t  a typical ra te  of  1000 counts per second. 
The intensit ies of 30 elements were sot to be monitored in regions of in te res t .  Ap- 
proximately 4000 par t ic les  were analyzed per sample, at  a rate of 200 par t ic les  per 
hour.  

For AIA, the software base allows 

The AIA procedures c lass i fy  mineral particles into both size and chemical 
classes.  
t ion.  This measurement i s  the diameter of a c i r c l e  w i t h  the same area as tha t  
measured for the mineral particle.  Area-equivalent diameter was used instead of a 
simple length or width measurement because the outline of mineral particles i n  coal s 
often complex enough t o  render such measurements meaningless. The equivalent diameter 
measurement allows par t ic les  t o  be classified by the area of the par t ic le  and yet 
reported in terms of a linear dimension. Using available l i t e ra ture  values for  the 
specific gravity of the individual minerals, the data were t h e n  expressed as the 
weight fraction of the mineral matter within a given mineral/size category. The 
weight fraction data could then be normalized according to the mineral matter content 
calculated from ash values by using a modified Parr formula (4) t o  present mineralogi- 
cal estimates on a dry coal basis. Such a presentation provides a comnon base for 
comparing the coals before and a f te r  processing. 

Area-equivalent diameter was used as the s ize  parameter for data presenta- 

DISCUSSION OF RESULTS AND PROBLEMS 

A major problem encountered in the analysis of coal samples arose from the wide 
s i ze  range of particles present. The weight distribution i s  heavily influenced by 
the particles in the largest  s ize  categories. However, most of the particles are 
found in the smallest categories. 
t i ve ly  coarse samples of where the par t ic le  diameter can range fran I t o  1000 ym. As 
an example, Table 2 presents actual data for such a case, using an I l l i no i s  No. 6 coal 
characterized more f u l l y  elsewhere (3) .  

which i s  independent of par t ic le  size, i t  becomes necessary t o  allocate analysis time 
among the size categories in order t o  include a significant number of par t ic les  of 
a l l  sizes. Therefore, analyses were conducted at  several magnifications for re- 
s t r ic ted  ranges of pa r t i c l e  sizes. A re la t ive ly  small area was analyzed at h i g h  mag- 
nification to  collect  data on small particles,  and a much larger area was then anal- 
yzed at lower magnification t o  collect  data on large particles.  Data were then com- 
bined by correcting the weight of particles analyzed in each s ize  range for the area 
of sample analyzeti for tha t  s ize  range. The table of weight fractions was t h e n  nor- 
malized t o  100%. For samples with particularly wide size ranges, three of m r e  size 
parti t ions were required to  obtain a representative s ize  distribution. As can be seen 
from Table 2, the actual number of particles counted parallels the weight distribution 
much closer t h a n  does the  unadjusted count fraction. 

This problem i s  especially troublesome for rela- 

Since analysis time per par t ic le  i s  dominated by the time of x-ray acquisition 

J l  
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Table 2. Weight and Count D i s t r i b u t i o n  f o r  an I l l i n o i s  No. 6 Coal 
(Nominally 70-80% less  than 200 mesh or 75 pm) 

Area Equivalent Diameter ( i n  pm) 

0-4 4-7 7-12 12-20 20-36 >36 

Count f r a c t i o n  16.3 51.1 23.3 7.1 1.7 0.6 
Weight f r a c t i o n  2.5 15.3 20.4 21.0 14.4 26.3 
% o f  p a r t i c l e s  counted 13.6 42.6 25.3 7.8 7.9 2.8 
Number o f  p a r t i c l e s  counted 654 2055 1221 374 382 136 

d i s t r i b u t i o n ,  f o r  which the standard d e v i a t i o n  o f  the  counts measured f o r  a category 
i s  equal t o  the  square roo t  o f  the count. Thus a count o f  100 p a r t i c l e s  would y i e l d  
t o  a r e l a t i v e  standard dev ia t ion  o f  10%. 
r e s u l t s  can be ca lcu la ted  from the number of  p a r t i c l e s  c o l l e c t e d  i n  each category. 
For a system o f  four  predominant minerals w i t h  approximately equal p a r t i c l e  
abundances, and s i x  s i z e  categories, approximately 4 x 6 x 100 = 2400 p a r t i c l e s  would 
be needed f o r  a r e l a t i v e  standard dev ia t ion  o f  10% i n  the  data. 

The s t a t i s t i c a l  d i s t r i b u t i o n  invo lved i n  A I A  analysis i s  a mu l t inomia l  

Re la t i ve  e r r o r  i n  the  weight d i s t r i b u t i o n  

This assumption has been borne ou t  i n  analyses o f  m u l t i p l e  p e l l e t s  o f  t h e  same 
coa l .  F ive  p e l l e t s  each of  th ree  coals were analyzed by AIA.  A t o t a l  o f  1500 
p a r t i c l e s  was character ized f o r  each p e l l e t .  Standard dev ia t ions  were ca lcu la ted  
from the f i v e  estimates o f  weight f r a c t i o n  i n  each size/chemical category and 
compared w i t h  the r e l a t i v e  e r r o r  expected from the p a r t i c l e  count. Agreement was 
exce l len t  f o r  categor ies conta in ing  more than -30 p a r t i c l e s .  

A problem o f  a r t i f i c a l  enrichment o f  one phase r e l a t i v e  t o  the others a r i s e s  
when one phase appears much b r i g h t e r  i n  the image being analyzed than do the 
remaining phases. I n  our work w i t h  coal minerals (3,5) and i n  the work o f  others (6)  
such a problem was experienced w i t h  the  mineral  p y r i t e .  T y p i c a l l y  the p y r i t e  content 
found by SEM-AIA i s  s u b s t a n t i a l l y  h igher than what i s  estimated by the ASTM wet 
chemical technique (see Table 3). 
employs what i s  known as "g loba l  th resho ld ing" .  I n  it, a th resho ld  l e v e l  i s  
establ ished against which image s igna l  l e v e l s  are compared t o  determine whether a 
p i x e l  i s  par t  of  a p a r t i c l e  o r  p a r t  o f  the background. 
t h a t  the threshold be set midway between background and f u l l  s ignal  b r igh tness  t o  
a l l o c a t e  equa l ly  any noise on the p a r t i c l e  edges between p a r t i c l e  and background. 
For coal minerals t h i s  i s  s t r i c t l y  no t  possible.  The i n t e n s i t y  o f  backscattered 
e l e c t r o n  image used f o r  analysis i s  h i g h l y  dependent on the average atomic number o f  
t h e  mater ia l  i n  view. P y r i t e  i s  so much heavier than the other mineral  phases t h a t  
the  threshold, set at  a l e v e l  a t  which the c lays  can be c o n s i s t e n t l y  detected, 
crosses p y r i t e  p a r t i c l e s  at the  20-30% l e v e l  and increases the p o s s i b i l i t y  t h a t  
i n d i v i d u a l  p y r i t e  p a r t i c l e s  w i l l  be measured la rger  than they are. To compensate f o r  
t h i s  bias, the  U.S. Steel  workers (6) recommended an empir ical  f a c t o r  o f  0.75 f o r  
sca l ing  down the p y r i t e  values. 

Another possible explanat ion i s  t h a t  the b r i g h t e r  s igna l  f o r  p y r i t e  causes small 
p a r t i c l e s  o f  the mineral t o  have a b e t t e r  chance o f  r i s i n g  above th resho ld  as opposed 
t o  the s ignal  being diminished t o  a l e v e l  below the threshold by the f a c t  t h a t  a 
l a r g e  percentage o f  the  e lec t rons  pass completely though the p a r t i c l e  before 
backscattering, causing the signal  br ightness t o  be lower than the  signal  from a 
massive p a r t i c l e .  

The problem ar ises  i n  our A I A  system s ince  i t  

The recommended procedure i s  

However, t h i s  explanat ion does n o t  account f o r  much o f  the  er ro r  

I 
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observed since on ly  a r e l a t i v e l y  small mount  of t h e  p y r i t e  i s  found i n  the  smallest 
s i z e  ranges. 

Table 3. Comparisons o f  ASTM and SEM-AIA Estimates o f  P y r i t e  and P y r i t i c  Su l fu r  
Su l fu r  Content f o r  Raw and Supercleaned Coals ( reca lcu la ted  from data o f  
Reference 3) 

I l l i n o i s  No. 6 I . P i t tsburgh No. 8 

Raw Cleaned Raw Cleaned 

2.37 0.22 1.35 0.03 
4.22 0.63 1 2.50 0.52 

Pyr i te /Minera l  Mat te ra  R a t i o  
ASTM 22.93 13.48 
A I A  40.86 38.53 

30.55 1.66 
56.54 28.59 

Fe by XRF (%) 
Tota l  S (ASTM) 
Organic S (ASTM) 
Mineral Mattera 

1.64 0.44 
1.82 
1.67 

19.32 3.05 8.26 3.37 

2.01 
5.10 
2.36 

a Mineral matter = 1.13 (ash) + 0.47 ( p y r i t i c  s u l f u r ) ,  as i n  reference 4. 

For chemical ly processed coals, problems a r i s e  w i t h  the chemistry d e f i n i t i o n s .  
New mineral phases may be formed dur ing  processing t h a t  bear l i t t l e  resemblance t o  
t h e  o r i g i n a l  minerals.  It may become necessary t o  analyze the mater ia l  w i t h  a l t e r -  
nate techniques, such as x-ray d i f f r a c t i o n ,  i n  order t o  determine what phases are 
present. Then the necessary chemical d e f i n i t i o n  can be b u i l t  i n t o  the f i l e  knowing 
t h e  chemistry o f  the  new phases. A l t e r n a t i v e l y ,  an automatic c l a s s i f i c a t i o n  opt ion 
can be employed t o  s o r t  p a r t i c l e s  r o u t i n e l y  based on the  r e l a t i v e  amounts o f  the 
elements present. 

c a l l y  t rea ted  coal by an SEM-EOX technique (7 )  and add i t iona l  analysis o f  mineral 
matter i n  those samples by FTIR spectroscopy (8) i n d i c a t e  t h a t  the A I A  values f o r  
p y r i t e  may be c o r r e c t  f o r  a t  l e a s t  some samples. The analyses were performed on 
samples of I l l i n o i s  No. 6 coal, raw and chemical ly cleaned by the Gravimelt Process 
a t  TRW Inc., i n  C a l i f o r n i a  (8 ) .  The samples were analyzed by ASTM techniques f o r  
moisture, ash, and s u l f u r  forms; by SEM-AIA f o r  mineral  phases; by SEM-EDX f o r  or- 
ganic sul fur ;  and by FTIR f o r  mineral  phases. The r e s u l t s  are presented i n  Tables 4 
and 5. 

For the raw coal,  the  p y r i t i c  s u l f u r  values obtained by A I A  agreed we l l  w i t h  
those obtained at  TRW. 
ta ined a t  Ames. For t h e  cleaned coal, the p y r i t e  values obtained by A I A  and the 
organic sul fur  values obtained by SEM agreed very we l l  with the  Ames ASTM resu l ts .  

a l l  components except k a o l i n i t e .  Since the coal had t o  be low-temperature ashed f o r  
the  FTR analyses, and the  cleaned coal d i d  no t  have much ash l e f t ,  the  FTIR r e s u l t s  
on the cleaned coal are no t  as in fo rmat ive  as the AIA r e s u l t s .  
cou ld  not i d e n t i f y  much o f  the mineral  matter i n  t h e  cleaned coal, adding.most of  i t  

Some of  our work with the  d i r e c t  determinat ion o f  organic s u l f u r  i n  raw and chemi- 

However, they  were somewhat higher than t h e  ASTM values ob- 

The comparison o f  FTIR data w i t h  A I A  r e s u l t s  i n  Table 5 shows good agreement f o r  

The FTIR techniques 
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t o  the miscellaneous category. Since A I A  does not requ i re  mineral standards and i s  
not p a r t i c u l a r l y  dependent on cry;tal structure,  more p a r t i c l e s  could be categor ized 
by the chemical d e f i n i t i o n  f i l e .  

Table 4. Analysis o f  I l l i n o i s  No. 6 Treated by the Gravimelt Process at  TRW 
(Values reported as wt. % on a d ry  basis, except f o r  moisture) 

RAW COAL TREATED COAL 

TRW ASTM A t  S E M I A I A  TRW ASTM A t  SEMfAIA 
Resul ts Ames Lab Resul ts Results Ames Lab Results 

---- ---- 6.33 ----- Moisture 15.81 1.84 
Ash 9.97 9.23 ---- 0.51 0.53 _---- 

---- ---- 0.61 ----- Mineral  Mattera ----- 10.92 
Total  S 4.21 4.03 ---- 0.57 0.59 ----- 
P y r i t i c  S 1.36 1.04 1.46 ---- 0.02 0.026 ---- ---- 0.02 ----- Su l fa te  S 0.05 0.09 
Organic S 2.80 2.90 2.13 ---- 0.35 0.32 

a Mineral Matter = 1.13 (ash) + 0.47 ( p y r i t i c  s u l f u r ) ,  as i n  reference 4. 

Table 5 .  FTIR and A I A  Resul ts o f  Raw and Chemically Treated I l l i n o i s  No. 6 Coal 
(values expressed as wt. % o f  t o t a l  mineral  matter present)  

RAW TREATED 

FTIR A I A  FTIR A I A  

K a o l i n i t e  12.0 7.4 4.0 8.4 
I l l i t e  31.5 29.8 ---- 10.2 
Quartz 19.0 20.0 10.0 13.9 

3.7 C a l c i t e  1.5 1.3 ---- 
P y r i t e  ---- 23.3 ---- 8.4 
M i  scel  1 aneous 36.0 18.1 86.0 46.0 

In  addition, the A I A  technique provided informat ion on p a r t i c l e  s i z e  d i s t r i b u -  
t i o n  as we l l  as mineral phase i d e n t i f i c a t i o n  (see Table 6 ) .  Such informat ion,  o f  
course, cannot be provided by the  FTIR technique. 

CONCLUSIONS 

The SEM-AIA technique has been shown t o  be a useful  t o o l  i n  c h a r a c t e r i z i n g  the  
mineral  matter o f  coal by chemical composition as we l l  as p a r t i c l e  s ize  d i s t r i b u t i o n .  
The fundamental aspects o f  t h i s  a n a l y t i c a l  technique have been described, inc lud ing  
the  method o f  de f in ing  mineral  phases by chemical composition, requirements f o r  the 
number and size o f  p a r t i c l e s  t o  be samples f o r  r e l i a b l e  and reproducible resu l ts ,  
comparison o f  t h i s  technique w i t h  other methods o f  charac ter iz ing  coal mineral  mat- 
te r ,  and some problems associated w i t h  the a p p l i c a t i o n  o f  t h i s  technique t o  measure- 
ments o f  p y r i t e  and analysis o f  chemical ly t r e a t e d  coals. 
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TABLE 6. A I A  C l a s s i f i c a t i o n  o f  M i n e r a l  M a t t e r  i n  I l l i n o i s  No. 6 Coal 
b y  Chemis t ry  and Area-Equ iva len t  Diameter  o f  P a r t i c l e s  ( i n  pm), 

Expressed as Weight Percent  of t h e  T o t a l  M i n e r a l  M a t t e r  Only. 

Raw Coal 
P a r t i c l e  s i z e  (m) 

M i n e r a l  Phase < 6.3 6.3-19 20-62 63-199 200-632 >632 T o t a l a  
~~~ ~ 

P y r i t e  2.16 7.97 
Kao 1 i n i t e  1.34 3.81 
I l l i t e  4.27 7.29 
Q u a r t z  4.47 9.15 
I r o n - r i c h  0.04 0.22 
C a l c i t e  0.05 0.06 
S i1  i c a t e s  1.57 2.19 
Misce l laneous 1.64 4.13 

7.02 
1.52 
4.90 
3.95 
0.49 
0.08 
1.38 
0.70 

6.14 0.00 0.00 23.29 
0.70 0.00 0.00 7.37 
5.08 8.28 0.00 29.82 
1.98 0.51 0.00 20.06 
1.16 0.00 0.00 1.91 
0.21 0.92 0.00 1.32 
1.47 0.98 0.00 7.59 
0.40 1.73 0.00 8.60 

T o t  a1 a 15.54 34.83 20.04 17.15 12.42 0.00 100.00 

Clean Coal 
P a r t i c l e  s i z e  (pm) 

M i n e r a l  Phase < 6.3 6.3-19 20-62 63-199 200-632 >632 T o t a l a  

P y r i t e  2.74 
K a o l i n i t e  4.20 
I l l i t e  5.78 
Q u a r t z  6.82 
I r o n - r i c h  1.93 
C a l c i t e  1.63 
S i  1 i c a t e s  1.71 
Misce l laneous 14.34 

T o t  a1 a 39.15 

4.54 
3.35 
4.41 
6.42 
2.66 
2.06 
2.50 

21.60 

47.53 

1.09 
0.89 
0.00 
0.67 
0.00 
0.00 
0.64 

10.03 

13.32 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 ' 

0.00 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

8.37 
8.43 

10.19 
13.91 

4.59 
3.69 
4.85 

45.97 

100.00 

a T o t a l s  may be s l i g h t l y  o f f  due t o  round ing .  
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